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Radar, an object detection system utilizing radio waves to determine the range, angle, or velocity of objects, has
been applied in many fields, such as ground penetrating radar, ballistic missile defense, air-traffic control, law-
enforcement, highway safety and automatic driving. The demand for modern radar systems with high resolution but
low hardware and/or software costs has been increasing rapidly. Therefore, the topic of developing new radar signal
processing algorithms to accomplish higher resolution has attracted considerable attention.

For range and velocity detection based on time sampling, a wide bandwidth radar signal is usually used to achieve
high resolution, which leads to the requirement of a high sampling rate. Thus, the modern radar system requires a
high-rate analog-to-digital converter (ADC) and accordingly a large memory capacity for the large amounts of
sampled data. For angle detection based on spatial sampling, a sufficiently large number of snapshots are required
for accurate estimation. These huge data produced in modern radar systems cause various difficulties in data
processing. However, in practical applications, only few targets are concerned in a wide interested area, such as the
case of searching some airplanes in a wide region of the sky, and thus the final outputs are often sparse. Hence, it is
of great interest to detect the sparse targets more effectively and efficiently by establishing new methods to reduce
and process the large amounts of sampled data.

Recently, it has been clarified that the compressive sensing (CS) theory can be used to reduce the number of
sampled data for time and spatial samplings. Under the assumption that the targets are sparse, a class of novel

methods based on CS have been proposed for digital radar signal processing to achieve a high resolution. However,
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due to the causes stated below, these existing CS-based methods suffer from a high computational complexity for

reconstructing signals and a low accuracy for non-Gaussian impulsive noise environment.

In view of this background, the purpose of this research is to develop a class of new CS-based methods having

higher resolution, less computational complexity and stronger robustness against non-Gaussian impulsive noise than

the existing CS-based methods. Specifically, both of the cases for time sampling and spatial sampling will be

intensively investigated, and the main results and contributions are concentrated on the following aspects:

For the time sampling case, the range and velocity joint detection problem is in fact a two-dimensional (2D)
problem characterized by a matrix representation, while the existing CS-based methods treated this problem
by first vectorizing the 2D matrix representation into a 1D vector representation and utilizing the well-known
CS algorithms which is originally developed for 1D signal reconstruction. It is the dimension transformation
(vectorization) operation that results in a huge measurement matrix for the resultant CS problem and thus
causes a high complexity. To overcome this difficulty, 2D CS algorithms are first proposed that can directly
solve a 2D signal reconstruction problem, and then 2D-CS-based methods for the range and velocity joint
detection problem will be established so that the dimension transformation operation is no longer required
and the computational complexity can be reduced largely.

Moreover, since the existing CS-based methods for time sampling have been developed based on the
assumption of Gaussian noise environment, the existing methods usually suffer a performance deterioration
in a non-Gaussian impulsive noise environment. Therefore, robust-2D-CS-based methods are proposed by
introducing new robust cost functions in the 2D CS algorithms so that the performance of CS-based methods
for non-Gaussian impulsive noise environment can be significantly improved.

For the spatial sampling case, the existing CS-based methods achieve the high accuracy of direction-of-arrival
(DOA) estimation by gridding densely and searching the entire range of interest, which results in a huge
measurement matrix. In addition, the inversion operation for this measurement matrix is required in each
iteration of the algorithms. These two problems lead to the high complexity of the existing CS-based methods
for DOA estimation. In order to avoid the first problem caused by the dense gridding, a two-step method is
proposed: first, the range of interest is divided into a relatively low-resolution grid and the conventional beam
former is used quickly identify the candidate or potential areas where true targets may exist; then the candidate
areas obtained in the first step are divided into a denser sampling grid and the L, ;-norm minimization
algorithm is utilized to locate the targets with a high-resolution. For the second problem of inversion operation,
a new adaptive algorithm is proposed without involving any matrix inversion operation. Simulation results
show that the proposed methods have much lower complexity and higher accuracy than the existing CS-based

methods.

This thesis consists of 8 chapters and is organized as follows.

1.

Introduction: This chapter briefly introduces the background and motivations of this research as well as an
given overview of the main results obtained in this thesis.

Signal model for delay Doppler joint estimation with sub-Nyquist rate: In this chapter, the principle of
the delay Doppler radar system and the mathematical models for delay Doppler joint estimation in sub-
Nyquist radar systems are first presented. Then, the existing methods that closely relate to the technical
development of the thesis are reviewed.

2D-CS based methods for delay Doppler joint estimation: To reduce the complexity caused by the
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dimension transformation, four 2D-CS-based methods, i.e., 2D-ZAP, 2D-IHT, 2D-ISTA, and 2D-FISTA,
which use a matrix norm instead of the vector norm to avoid the dimension transformation, are established
directly in this chapter. Simulations are presented to validate the performances of our proposed methods.
Robust 2D-CS methods for delay Doppler joint estimation: In this chapter, it is first shown that the
performance of the traditional CS-based methods usually deteriorates in a non-Gaussian impulsive noise
environment. Then, several kinds of robust 2D-CS-based methods are proposed. The cost functions of these
robust methods are constructed using the Li-norm, Ly-norm and Lorentzian norm, and thus have a better
robustness to the non-Gaussian impulsive noise. As a result, the accuracy can be significantly improved by
the proposed methods for the non-Gaussian impulsive noise environment. Simulations are also presented to
validate the performances of our proposed methods.

Direction-of-arrival (DOA) model for the multiple-input-multiple-output (MIMO) radar system: This
chapter introduces first the principle of the MIMO radar system and the mathematical models for the DOA
estimation problem, which is a key problem in the MIMO radar system. Then the existing methods closely
relating to the technical development of this thesis are reviewed.

Dimension-reduced DOA estimation based on L2,1-norm penalty: In this chapter, in order to overcome
the difficulty of high computational complexity caused by the dense sampling grid, we develop a two-step
method. In the first stage, the range of interest is divided into a relatively low-resolution grid, and the
conventional beam former is used to quickly identify the candidate or potential areas where true sources may
exist. In the second stage, the candidate areas obtained in the first stage are divided into a denser sampling
grid, and the CS-based method is utilized to locate the targets with a high-resolution.

Adaptive filtering algorithms for DOA estimation with small snapshots: In this chapter, a novel adaptive
filtering algorithm for DOA estimation is proposed. It incorporates a mixed norm (L2 0-norm) to exploit the
advantage of multiple snapshots to improve the accuracy. Moreover, it uses a row in the manifold matrix in
each iteration to avoid matrix inversion operation. Therefore, the low complexity is achieved with a high
accuracy.

Conclusions and further works: In this chapter, the main results and contributions obtained in this thesis
for low-complexity and high-resolution radar signal processing algorithms based on CS theory are briefly

summarized. In addition, some possible future topics are also discussed.
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